Seawater osmium isotope evidence for a middle Miocene flood basalt event in ferromanganese crust records by Klemm, Veronika et al.
Earth and Planetary Science Letters 273 (2008) 175–183
Contents lists available at ScienceDirect
Earth and Planetary Science Letters
j ourna l homepage: www.e lsev ie r.com/ locate /eps lSeawater osmium isotope evidence for a middle Miocene ﬂood basalt event in
ferromanganese crust records
Veronika Klemm a,⁎, Martin Frank a,b, Sylvain Levasseur a, Alex N. Halliday a,c, James R. Hein d
a Institute for Isotope Geochemistry and Mineral Resources, Department of Earth Sciences, ETH-Zürich, Clausiusstrasse 25, CH-8092, Switzerland
b IFM-GEOMAR, Leibniz Institute of Marine Sciences, Wischhofstrasse 1-3, 24148 Kiel, Germany
c Department of Earth Sciences, University of Oxford, Parks Road, Oxford OX1 3PR, United Kingdom
d U.S. Geological Survey, MS 999, 345 Middleﬁeld Rd., Menlo Park, CA, 94025, USA⁎ Corresponding author.
E-mail address: klemm@erdw.ethz.ch (V. Klemm).
0012-821X/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.epsl.2008.06.028A B S T R A C TA R T I C L E I N F OArticle history: Three ferromanganese cru
Received 10 March 2008
Received in revised form 17 June 2008
Accepted 17 June 2008
Available online 1 July 2008
Editor: M.L. Delaney
Keywords:
large igneous provinces
osmium isotope stratigraphy
Columbia river ﬂood basalts
Miocene minimumsts from the northeast, northwest and central Atlantic were re-dated using
osmium (Os) isotope stratigraphy and yield ages from middle Miocene to the present. The three Os isotope
records do not show evidence for growth hiatuses. The reconstructed Os isotope-based growth rates for the
sections older than 10 Ma are higher than those determined previously by the combined beryllium isotope
(10Be/9Be) and cobalt (Co) constant-ﬂux methods, which results in a decrease in the maximum age of each
crust. This re-dating does not lead to signiﬁcant changes to the interpretation of previously determined
radiogenic isotope neodymium, lead (Nd, Pb) time series because the variability of these isotopes was very
small in the records of the three crusts prior to 10 Ma. The Os isotope record of the central Atlantic crust
shows a pronounced minimum during the middle Miocene between 15 and 12 Ma, similar to a minimum
previously observed in two ferromanganese crusts from the central Paciﬁc. For the other two Atlantic crusts,
the Os isotope records and their calibration to the global seawater curve for the middle Miocene are either
more uncertain or too short and thus do not allow for a reliable identiﬁcation of an isotopic minimum.
Similar to pronounced minima reported previously for the Cretaceous/Tertiary and Eocene/Oligocene
boundaries, possible interpretations for the newly identiﬁed middle Miocene Os isotope minimum include
changes in weathering intensity and/or a meteorite impact coinciding with the formation of the Nördlinger
Ries Crater. It is suggested that the eruption and weathering of the Columbia River ﬂood basalts provided a
signiﬁcant amount of the unradiogenic Os required to produce the middle Miocene minimum.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
At any point in time, the osmium isotope ratio (187Os/188Os) of
seawater reﬂects a balance between sources of osmium (Os) with low,
unradiogenic ratios, such as seaﬂoor hydrothermal and extraterres-
trial sources, and continental sources with high 187Os/188Os ratios. In
this respect, the marine Os isotopes provide information that is
analogous to that of marine strontium (Sr) isotopes, widely exploited
for reconstructing the geological history of chemical weathering. Both
systems provide globally integrated time-resolved records that reﬂect
the balance between dissolved inputs into the oceans and the sinks,
mainlymetalliferous sediments and ferromanganese crusts in the case
of Os. In both the rubidium–strontium (Rb–Sr) and rhenium–osmium
(Re–Os) systems, the continental crust is characterised by high
parent–daughter ratios compared with the Earth's mantle thereby
imparting radiogenic Sr and Os signatures to continental material.
Thus, the long-term evolution of the seawater signature of these twol rights reserved.isotopic systems is expected to be similar. However, mainly due to the
addition of Os-rich extraterrestrial materials, some degree of
decoupling is observed. In addition, a decoupling between the Os
and Sr isotope records related to the addition of Os from organic-rich
sediments that are highly enriched in Re and Os with extremely high
187Os/188Os ratios was suggested to have contributed to their seawater
records during the past 28 Ma (Ravizza, 1993). Furthermore, the
marine residence time of Sr is ~2 Myr (Palmer and Edmond,1992), too
long to record short-term perturbations in ocean chemistry. The
marine residence time of Os is 2–3 orders of magnitude shorter than
that of Sr (Levasseur et al., 1999). Consequently, it is possible that the
marine Os isotope record has preserved short-term changes in inputs
(Oxburgh, 1998). With our current understanding of the marine Os
cycle, the times of emplacement of large igneous provinces (LIPs) and
their weathering as well as meteorite impacts are expected to produce
excursions to lower 187Os/188Os ratios. Alsomost PGEs in Fe–Mn crusts
from the Afanasiy-Nikitin Seamount, equatorial Indian Ocean, show
that they were derived from ambient seawater and originated largely
from ﬂood basalts weathering or a cosmogenic source (Banakar et al.,
2007).
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Jurassic (T/J), the Cretaceous/Tertiary (K/T) and the Eocene/Oligocene
(E/O) boundaries are well known (Pegram and Turekian, 1999;
Peucker-Ehrenbrink et al., 1995; Peucker-Ehrenbrink, 1996; Peucker-
Ehrenbrink and Ravizza, 2000a,b; Cohen and Coe, 2002; Ravizza and
Peucker-Ehrenbrink, 2003a,b; Dalai et al., 2006). The minimum at the
K/T boundary has been linked to the K/T impact and/or to the
formation and weathering of the Deccan traps (Ravizza and Peucker-
Ehrenbrink, 2003a), whereas the minimum at the E/O boundary was
interpreted to be a consequence of an impact shower and/or
weathering of ultramaﬁc rocks (Ravizza and Peucker-Ehrenbrink,
2003b; Dalai et al., 2006). Recently these minima in the Os isotope
record have been used to estimate the size of the respective impactors
(Paquay et al., 2008).
In the middle Miocene, there was at least one larger meteorite
impact resulting in the Nördlinger Ries Crater (Schmidt and Pernicka,
1994). At the same time the large igneous province (LIP) of the
Columbia River basalt formed (Courtillot and Renne, 2003). Both the
Nördlinger Ries impact and the Columbia River volcanism may have
caused a signiﬁcant change in the 187Os/188Os signature of seawater. So
far, no excursion during the middle Miocene has been reported from
the Os isotope record of seawater (Peucker-Ehrenbrink and Ravizza,
2000a,b), partly due to a scarcity of data for that time interval. Herewe
provide evidence for a middle Miocene negative Os isotope excursion
identiﬁed by new Os isotope records obtained from ferromanganese
crusts in the Atlantic and Paciﬁc Oceans.
2. Description of the crusts
Crust ROM46 was recovered at the Romanche Fracture Zone in the
central Atlantic (01°13′S, 28°32′W, 3650–3050 mwater depth, 85 mm
thickness, Fig. 1). The growth rate of this crust, determined by a
combination of the 10Be/9Be and the Co constant-ﬂux methods, was
shown to be variable in the upper part, with the lowest rate of
1.35 mm/Myr in the uppermost 10 mm and up to 7.2 mm between 20
and 35mmdepth. This resulted in an extrapolated age of 33Ma for the
base of the crust (Frank et al., 2003). However, reliable 10Be/9Be data
are only available to a depth of 35mm corresponding to a 10Be/9Be age
of 10 Ma.Fig. 1. Location of the three Atlantic crusts. Alvin 539 was recovered from a water depth
of 2665 m on the New England seamounts in the western North Atlantic, 121DK comes
from a water depth of 2000 m from the Tropical Seamount in the East Atlantic, and
ROM46 was dredged from a water depth of 3650–3050 m in the Romanche Fracture
zone in the equatorial Atlantic Ocean.Crust 121DK was dredged from Tropic Seamount off West Africa
(24°53′N, 21°42′W, 2000 m water depth, 40 mm thickness, Fig. 1,
Koschinsky et al., 1996). Its growth rate was determined by four 10Be
concentrations to be 3 mm/Myr (Abouchami et al., 1999; Claude-
Ivanaj et al., 2001) and has an extrapolated age of 13 Ma for initiation
of growth. The four 10Be concentrations determined were restricted to
the uppermost 20 mm and produced a well-deﬁned age of 6.5 Ma at
20 mm depth.
Crust ALVIN 539 was recovered from the New England Seamounts
in the NW Atlantic (35°36′N, 54°47′W, 2665 m water depth, 92 mm
thickness, Fig.1) where it precipitated fromNorth Atlantic DeepWater
(NADW) or its precursor. A growth rate of 2.37±0.15 mm/Myr was
determined for the upper 22 mm by a 10Be/9Be proﬁle (O'Nions et al.,
1998), which corresponds to an age of 8.6 Ma at that depth. Further
extrapolation to the base of the crust gave a total age of 39 Ma
(O'Nions et al., 1998), which was later supported by application of the
Co constant-ﬂux model (Frank et al., 1999). In general, age estimates
beyond 10 Ma have a large uncertainty because neither extrapolation
of 10Be/9Be-derived growth rates nor the Co constant-ﬂux method can
exclude the presence of growth hiatuses. In addition, the Co constant-
ﬂux method apparently does not work reliably for crusts from some
locations.
3. Method
Crusts 121DK, ROM46, and ALVIN 539, which were embedded in
epoxy resin for stability, were sampled for Os isotope analysis at a
spatial resolution of 1 mm (121DK and ALVIN 539). For ROM46,
sampling was carried out at a resolution of 0.5 mm for the upper
15 mm and at 2 mm below that. The samples were taken using a
computer-controlled drilling device to obtain a continuous proﬁle
through the entire thickness of each crust. Each analysed sample
represents the Os isotopic composition of seawater averaged over
~0.2 Ma for crust Alvin 539, ~0.2 to 0.8 Ma for ROM46, and ~0.1 Ma for
crust 121DK, as a function of the individual growth rates for each
section. We obtained between 30 and 60 mg of material per sample.
To avoid contamination with detrital material incorporated into the
crust during growth, we performed a leaching step during which the
ferromanganese fraction of the samples was dissolved in 2 ml 3 N HBr
at room temperature overnight. The residue containing residual
organic resin and detrital grains was separated using a centrifuge. To
determine the rhenium [Re] and [Os] concentrations we used an
isotope-dilution technique closely following the method of Birck et al.
(1997). The Os isotope ratios and [Os] were measured by negative
thermal ionisation mass spectrometry (N-TIMS) (Volkening et al.,
1991;Walczyk et al., 1991; Birck et al., 1997). [Re] wasmeasuredwith a
Nu Plasma multiple-collector inductively coupled plasma mass
spectrometer (MC-ICPMS). For the [Re] measurements, iridium (Ir)
(100 ppb Ir in sample solution) was added as an internal standard.
Amore detailed description of the chemicalmethods and approach
to date ferromanganese crusts by Os isotope stratigraphy can be found
in Klemm et al. (2005). Brieﬂy, the pattern of the Os isotope variation
in the crusts is matched to the global Os isotope pattern for seawater.
This is achieved by either introducing growth hiatuses (not required in
this study) or by adjusting the growth rates. It is emphasized here that
in adjusting the stratigraphy of the crusts the simplest approach
possible to match the data of the crusts to the global curvewas always
adopted. We only had to change growth rates for the older sections of
each crust once, and then kept the rates constant within that section
(see below), which was supported by the Co-derived growth rate data
for two of the crusts.
4. Results
In Fig. 2, all Os isotope records are plotted versus the ages obtained
in previous studies. The grey band represents the scatter of the global
Fig. 2. 187Os/188Os versus age in million years. The global seawater 187Os/188Os curve
(grey band, as deﬁned by marine sediment data) is compared with the Os isotope
records of A) crust ROM46, B) crust 121DK, and C) crust Alvin 539. The black dashed
curves with the open symbols in A), B) and C) show the respective 187Os/188Os record of
the three crusts applying previously determined chronologies based on the 10Be/9Be
and Co constant-ﬂux methods. The black solid curves with the solid symbols mark the
corrected Os isotope data after ﬁtting them to the known seawater evolution (grey
band).Two other previously published crust records from the central Paciﬁc (CD29-2,
Klemm et al., 2005 and D11-1, Burton, 2006) are plotted in grey with solid symbols and
also show a 187Os/188Os excursion at about 12 Ma.
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Peucker-Ehrenbrink and Ravizza, 2000b for a review). Also plotted are
two additional crusts: CD29-2 (Klemmet al., 2005) and D11-1 (Burton,
2006), both from the central Paciﬁc. Both Paciﬁc crusts show a
pronounced minimum at about 12 Ma. These crusts were reliably
dated by the 10Be/9Be method back to 9.5 and 10.7 Ma respectively
(Ling et al., 1997), which suggests that this excursion may represent a
global change of the seawater isotopic composition. The Os isotope
record of crust CD29-2 corresponds very well to the seawater Os
isotope curve back to 15 Ma, below which two hiatuses had to beintroduced so that the CD29-2 data would be consistent with the
global seawater curve (Klemm et al., 2005).
Fig. 2A showsa comparisonof the 187Os/188Ospattern (a combination
of the Re-corrected values and not Re-corrected values, as they are
not very different; see Table 1) of crust ROM46 (Table 1) and the two
Paciﬁc crusts. Crust ROM46was previously dated by a combination of
the Co constant-ﬂux model and the 10Be/9Be method, which resulted
in an age of 33 Ma at its base (Frank et al., 2003). Fitting its Os isotope
record to the global seawater curve now results in an age of only
15 Ma for its base because the average growth rate increased from
2.95 mm/Myr between the present and 7.5 Ma, to 9 mm/Myr below
that. Such a higher growth rate of 9 mm/Myr in the older part of the
crust is consistent with the 10Be/9Be data but was not considered
reliable in the original publication by Frank et al. (2003) due to the
large uncertainties of the 10Be/9Be data in that part of the crust.
Applying the higher growth rate indicated by the 10Be/9Be and Os
isotope data, an age of 11.5 Ma is obtained for the 188Os/187Os
minimum of crust ROM46 at 50 mm depth. There is another
minimum in the global Os isotope curve at 16 Ma, which could be
interpreted to correspond to the minimum observed in our records.
However, given that an age of 10 Ma is obtained for the lowermost
10Be/9Be data point at 35 mm depth, it is unlikely that the depth of
50 mm would correspond to an age of 16 Ma. This would require a
signiﬁcant drop in growth rate to values of about 2.5 mm/Myr
between 35 and 50 mm depth, for which there is no independent
evidence. Extrapolating the growth rate of 9 mm/Myr to the base of
the crust results in a maximum age of 15 Ma, which makes the Os
isotope data of the crust consistent with the global Os isotope curve
and produces a close match with the records of the two Paciﬁc crusts.
However, the lowermost Os isotope datum at 83 mm depth can be as
old as 23 Ma and still be consistent with the global Os isotope curve.
Applying this method the growth rate in the section between 53 and
83mm depth cannot be narrowly constrained but this does not affect
the clear evidence for a minimum at about 11.5 Ma. The onset of the
minimum may, however, have occurred somewhat earlier than
14 Ma.
There are now three crust records from two ocean basins that show
a 187Os/188Osminimumas lowas 0.7 at ~12Ma. In order to be consistent
with the global Os isotope curve and the data for crusts CD29-2 and
D11-1, the growth rate of a second Atlantic crust, 121DK, was not
constant at 3 mm/Myr. A value of 8 mm/Myr between the base of the
crust and 20 mm depth (6.5 Ma), which represents the deepest sample
in the crust dated by the 10Be concentration method (Claude-Ivanaj
et al., 2001), is required to ﬁt within the envelope of the global Os
isotope curve (Fig. 2B, Table 1). This results in a new age for the base of
the crust of 8Myr. Fig. 2C shows the Os isotope record of crust Alvin 539.
The white square-deﬁned curve corresponds to the chronology
obtained by the 10Be/9Be method, which allowed reliable dating back
to 9 Ma and was then extrapolated with same average growth rate to
the base of the crust (O'Nions et al., 1998). However, it is obvious that
there is a mismatch with the global seawater curve between 9 and
12 Ma as well as between 32 and 39 Ma. There are two data points
between 22 and 26 mm depth that correspond to extrapolated ages of
9.5 and 10.7 Ma (Fig. 2C, Table 1). These two 187Os/188Os values are
above (younger) the global seawater evolution curve at the same depth
as two high outlier values in the 10Be/9Be record (O'Nions et al., 1998).
This indicates that there was a disturbance of crust growth at that time,
which is supported by structural inhomogeneities and the distribution
of major metals in that section of the crust. The data for that interval are
therefore excluded from the interpretations. To ﬁt the rest of the data to
the Os seawater curve, the growth rate has to be increased from
2.37 mm/Ma to 5 mm/Ma from 12 Ma to the base of the crust. This
results in a total maximum age of 24.5Ma, somewhat younger than that
derived from the Co constant-ﬂux model (Frank et al., 1999). However,
due to the invariance of the global seawater Os isotope curve between
15 and 28 Ma, the growth rate for the lower part of the crust is not
Table 1
Osmium isotope data for crusts 121DK, ROM46 and Alvin 539
Depth 187Re/188Os 2σ 187Os/188Os 2σ [Os] 2σ [Re] 2σ Be/Co agea Fitted ageb 187Os/188Os
Re-corr.c
2σ
(mm) (pg/g) (pg/g) (Ma) (Ma)
121DK
0.5–1 25.77 0.54 1.056 0.007 884 6.3 1241 10 0.167 0.167 1.052 0.007
5–6 1.17 0.15 1.013 0.004 728 2.9 616 78 1.833 1.833 1.011 0.004
7–8 5.75 0.17 0.976 0.001 916 0.7 711 21 2.5 2.5 0.974 0.001
10–11 3.12 0.13 0.939 0.002 925 2.1 654 27 3.5 3.5 0.937 0.002
13–14 26.22 0.47 0.928 0.003 976 3.6 890 13 4.5 4.5 0.924 0.003
17–18 49.53 0.93 0.895 0.003 703 2.6 925 14 5.833 5.833 0.888 0.003
20–21 10.86 0.27 0.878 0.004 623 2.6 1136 24 6.833 6.833 0.874 0.004
25–26 – – 0.870 0.003 699 2.3 819 54 8.5 7.458 – –
30–31 – – 0.855 0.002 465 1.2 939 21 10.167 8.083 – –
35–36 0.85 0.26 0.819 0.004 374 1.8 835 225 11.833 8.708 0.816 0.004
39–40 10.67 0.66 0.853 0.003 208 0.8 1467 85 13.167 9.208 0.842 0.003
Substrate 29.47 2.25 0.862 0.005 74 0.5 986 65 13.833 9.458 0.845 0.005
ROM 46
0.5–1 1.017 0.004 554 2.4 0.556 0.556
4.5–5 0.960 0.002 793 1.8 3.519 3.519
6.5–7 13.28 0.21 0.936 0.002 625 1.4 1620 16 5.000 5.000 0.934 0.002
8.5–9 0..892 0.003 693 2.1 6.080 6.080
12.5–13 0.853 0.002 427 0.9 7.436 7.436
21–23 8.26 0.09 0.841 0.002 317 0.7 503 4 9.770 8.463 0.841 0.002
29–31 9.10 0.11 0.809 0.002 359 1.1 630 5 10.882 9.352 0.804 0.002
37–39 0.785 0.003 310 1.4 12.976 10.241
41–43 8.40 0.15 0.761 0.004 374 1.8 611 7 14.514 10.686 0.755 0.004
49–51 21.5 0.26 0.709 0.003 296 1.2 1249 7 17.591 11.575 0.699 0.003
53–55 0.726 0.004 290 1.6 19.130 12.019
57–59 5.90 0.16 0.770 0.005 279 1.8 321 7 20.668 12.463 0.762 0.005
69–71 0.807 0.004 161 0.8 25.284 13.797
81–83 0.808 0.004 172 0.9 29.899 15.130
Alvin 539
0–1 103.71 1.63 1.036 0.003 1161 3.6 22342 175 0.211 0.211 1.036 0.003
7–8 2.18 0.03 0.990 0.002 764 1.7 311 4 3.165 3.165 0.989 0.002
15–16 6.54 0.14 0.820 0.003 450 1.7 562 8 6.540 6.540 0.819 0.003
19–20 29.50 0.78 0.852 0.007 409 3.1 2288 11 8.223 8.223 0.847 0.007
22–23 37.66 1.13 0.898 0.007 371 2.7 2638 40 9.494 9.494 0.895 0.007
25–26 14.41 0.24 0.874 0.007 436 1.4 1189 9 10.759 10.759 0.870 0.003
29–30 13.18 0.18 0.806 0.001 335 0.5 843 7 12.447 12.328 0.803 0.001
35–36 13.57 0.37 0.815 0.006 248 1.9 641 6 14.979 14.146 0.812 0.006
45–46 30.77 0.86 0.811 0.004 230 0.8 1351 29 19.198 17.176 0.807 0.003
53–54 27.55 1.01 0.716 0.002 178 0.9 946 12 22.574 19.601 0.712 0.004
60–62 13.33 0.25 0.689 0.002 265 0.6 645 8 25.738 21.873 0.687 0.002
63–66 5.54 0.21 0.700 0.017 692 16.7 740 7 27.215 22.934 0.699 0.017
74–75 35.02 1.23 0.720 0.006 205 1.5 1387 14 31.435 25.964 0.710 0.005
81–82 57.20 2.7 0.728 0.011 157 2.3 1733 9 34.388 28.085 0.709 0.011
90–91 208.42 17.2 0.744 0.016 145 2.9 5823 96 38.186 30.813 0.679 0.017
a These ages were calculated using growth rates derived from 10Be/9Be ratios and Co concentrations where available.
b Fitted ages were derived from the comparison between the osmium isotope ratios of the crust and those of the global seawater osmium curve.
c 187Os/188Os ratios were corrected for internal Re decay using the ﬁtted ages.
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539, there is no evidence for a hiatus in all three new crusts presented.
However, all three crusts grew faster in their older parts then previously
determined by the Co constant-ﬂuxmethod (Fig. 2, Table 1), resulting in
younger ages at their bases.
The 187Os/188Os excursion to lower values between 15 and 12 Ma
clearly seen in three undisturbed crust sections provides strong
evidence that there was a global change in the 187Os/188Os of seawater
at that time, which is subject of the discussion below.
5. Discussion
In the modern ocean, the concentration and isotopic composition
of dissolved Os are essentially homogenous. The concentration is
10.8 fg/g and the 187Os/188Os ratio is 1.06 (Levasseur et al., 1998). The
seawater Os isotope composition is preserved, with small offsets, inrecent marine sediments of several depositional settings (Peucker-
Ehrenbrink and Ravizza, 2000a,b). The observed excursion at 12 Ma,
which has not been observed in earlier studies of pelagic and
metalliferous sediments (Ravizza, 1993; Peucker-Ehrenbrink et al.,
1995; Reusch et al., 1998), most likely due to the coarse time resolution
of those records during that interval, must reﬂect an event that
signiﬁcantly changed the Os isotope signature of global seawater. The
187Os/188Os of the crust records decreased from 0.808±0.04 at 15 Ma
to 0.7 at about 11.5 Ma and reached the value of 0.8±0.02 again at
9 Ma, indicating temporal symmetry of this excursion. An excursion to
lower seawater 187Os/188Os ratios can result from either a diminished
supply of radiogenic Os (continental inputs with an average 187Os/
188Os of ~1.4; Esser and Turekian, 1993) to the ocean, or an increased
supply of unradiogenic Os (extraterrestrial or mantle-derived inputs
with 187Os/188Os of ~0.13, Allègre and Luck, 1980; Peucker-Ehrenbrink
and Ravizza, 2000b).
Table 2A
Estimates of middle Miocene seawater Os isotope by assuming a constant input of
unradiogenic Os of 200mol/yr and 187Os/188Os=0.13 for all cases (Peucker-Ehrenbrink, 1996)
Riverine Os ﬂux varied Riverine 187Os/188Os Observed
seawater
187Os/188Os
(mol/yr) Assumed constant
Present day 550 1.4 1.06
At the decline 160 1.4 0.7
Before the decline 220 1.4 0.8
Steady-state 187Os/188Os calculated as RSW=Rr( fr)+Ru(1− fr), where fr is the ratio of river
ﬂux of Os to the total ﬂux of Os and the subscripts SW, r and u refer to seawater, riverine
and unradiogenic, respectively.
Fig. 3. The simpliﬁed Os seawater curve with a decrease between 15 and 12.5 Ma and
then an increase to 12.5 Ma to reach pre-15 Ma levels (black solid line). A) shows the
necessary reduction in the radiogenic input of Os (grey dashed line), if the unradiogenic
ﬂux of Os (grey dotted line) remained constant. B) shows a constant radiogenic input
and assumes that the increase in the radiogenic ﬂux started at 10 Ma to explain the
increased Os seawater values. The model further assumes a constant unradiogenic and
radiogenic (continental riverine) ﬂux of 200 and 220 mol Os/yr respectively, before the
excursion. The decline is explained by the increase in the otherwise constant
unradiogenic input at the time when the Os isotope excursion is observed (applying
the equation: RSW=Rr( fr)+Ru(1− fr)).
179V. Klemm et al. / Earth and Planetary Science Letters 273 (2008) 175–1835.1. Reducing the radiogenic Os ﬂux
We calculate, on the basis of two simple model assumptions, the
magnitude of the perturbation in themarineOs isotope cycle required to
produce the middle Miocene 187Os/188Os value of 0.7. In the ﬁrst model,
we assume a constant total unradiogenic (extraterrestrial and hydro-
thermal) Os input into the ocean (200 mol Os/yr, 187Os/188Os=0.13,
Peucker-Ehrenbrink, 1996, Peucker-Ehrenbrink and Ravizza, 2000b),
similar to today. The input of Oswith cosmic dustwas suggested to have
beenconstantover theCenozoic (Peucker-Ehrenbrink,1996).We further
assume that the continental 187Os/188Os has remained similar to the
present-day value of 1.4 and that only changes in the total riverineﬂuxof
Os to the ocean changed.
It is also assumed that all ﬂuxes into the oceans are in dissolved
form either prior to, at entry, or shortly afterwards in order to be
relevant for the Os seawater signal. Anything that remained in
particulate formwill not have been preserved in the Os isotope record
of seawater. To achieve the steady-state pre-excursion seawater value
of 0.8 from the relationship
RSW ¼ Rr frð Þ þ Ru 1− frð Þ
(where fr is the ratio of riverine ﬂux of Os to the total ﬂux of Os, and
where subscripts SW, r and u refer to seawater, riverine and
unradiogenic, respectively), a riverine Os ﬂux of 220mol/yr is required
(Table 2A, Fig. 3A). This is 60% less than the modelled present-day
riverine dissolved ﬂux (~550 mol Os/yr). The dissolved modern
riverine ﬂux to the open ocean has been calculated to be ~1500 mol
Os/yr (Sharma and Wasserburg, 1997; Levasseur et al., 1999), which is
a factor 3 higher to our modelled values, but within the uncertainties
of both methods.
To produce the Os isotope minimum at 12 Ma, a diminished
riverine ﬂux to values as low as 160 mol/yr Os is required (Table 2A,
Fig. 3A). Although this represents a decrease of 70% relative to
the present-day value (550 mol/yr Os), it is only a decrease of 30%
relative to our calculated pre-excursion ﬂux (220 mol/yr Os) over a
period of 3 Myr, which we consider a realistic scenario. The decrease
in 187Os/188Os may be explained by the onset of the second phase of
the Antarctic glaciation, which is observed in the sharp decrease of
global δ18O starting at 15 Ma, just after the middle Miocene climate
optimum (Zachos et al., 2001). It was suggested that glacial conditions
and the presence of ice sheets reduced the ﬂux of continental Os.
During the last two major glacial periods, brief excursions to lower
187Os/188Os ratios were found in Paciﬁc metalliferous sediments and
were interpreted to be an indication of diminished chemical weath-
ering on the continents during cold, arid glacial periods (Oxburgh,
1998). In contrast, a 187Os/188Os excursion to higher values during the
late Paleocene thermal maximum was interpreted as reﬂecting a
period of global warming with a higher potential for chemical
weathering of radiogenic 187Os/188Os (Ravizza et al., 2001). However,
as the second phase of Antarctic glaciation has continued to the
present day (Zachos et al., 2001), the 187Os/188Os values should havestayed low after 12Ma, which is not the case. Although a radiogenic Os
isotope signal provided byHimalayanweathering hasmost likely been
superimposed onto decreasing isotopic ratios caused by Antarctic
glaciation, the middle Miocene climate optimum that occurred
between 17 and 15 Ma should have led to an increase in the global
187Os/188Os values, which is also not observed. Therefore this scenario
is not favoured. In addition, the onset of Himalayan uplift has in-
creased the continental weathering ﬂux over the past 25Myr, which is
hard to reconcile with a reduction in radiogenic Os ﬂux at about 12Ma.
A similar calculation can be performed for the required reduction of
the radiogenic ﬂux to explain the E/O boundary and the K/T boundary
Os isotopeminima. As shown in Fig. 4A,C, this would require an 80 and
90% drop in radiogenic Os inputs compared to pre-excursion values,
respectively, which also appears unlikely. Thus, for these two older
events, only an increase in the unradiogenic ﬂux can explain the
negative Os isotope excursions, as has been pointed out in a number of
previous studies (Peucker-Ehrenbrink et al., 1995; Peucker-Ehrenbrink
1996; Peucker-Ehrenbrink et al., 2000a,b; Ravizza and Peucker-
Ehrenbrink, 2003a,b; Dalai et al., 2006).
5.2. Sources of unradiogenic osmium
Increased hydrothermal input, increased ﬂux/dissolution of cosmic
dust, and chemical weathering of continental areas rich in unradio-
genic Os are possible explanations for the observed negative excursion
in the middle Miocene. A similar mass-balance calculation as for the
reduction in the radiogenic isotope ﬂux can be carried out for an
Table 2B
Estimates of middle Miocene seawater Os isotope by assuming a constant input of
radiogenic Os of 550 mol/yr and 187Os/188Os=1.4 for all cases
Unradiogenic Os ﬂux varied Unradiogenic
187Os/188Os
Observed
seawater
187Os/188Os
(mol/yr)
Present day 200 0.13 1.06
At the decline 670 0.13 0.7
Before the decline 490 0.13 0.8
Steady-state 187Os/188Os calculated as RSW=Ru( fu)+Rr(1− fu), where fu is the ratio of
unradiogenic ﬂux of Os.
Fig. 4. Decline in the Os seawater curve at the Eocene/Oligocene (E/O) boundary and
the Cretaceous/Tertiary (K/T) boundary. A and C) show the necessary reduction in
the radiogenic input, if the unradiogenic ﬂux remained constant at 200 mol Os/yr for
the E/O and K/T boundary respectively. B and D) show the necessary unradiogenic
input, if the radiogenic input remained constant at 117 mol Os/yr (this is calculated for
the pre-excursion values of 187Os/188Os=0.6 for both prior to the K/T and the E/O
boundaries if the unradiogenic input remained constant at 200 mol Os/yr). Symbols are
the same as in Fig. 3.
Table 2C
Estimates of middle Miocene seawater Os isotope by varying both the radiogenic and
unradiogenic input ﬂux as illustrated in Fig. 3B
Unradiogenic Os ﬂux varied Radiogenic Os ﬂux varied Observed
seawater
187Os/188Os
(mol/yr) (mol/yr)
Present day 200 550 1.06
Before the decline 280 220 0.7
At the decline 200 220 0.8
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decline was characterised by the same riverine ﬂux as today (550 mol
Os/yr) this would imply an increase of unradiogenic sources by 35%
from the pre-excursion value of 490 to 670mol Os/yr. Compared to the
present-day unradiogenic inﬂux (200mol Os/yr), this would represent
an increase of more then 300% (Table 2B). However, it is an unrealistic
assumption that the Miocene riverine Os ﬂux was 550 mol Os/yr. In
order to balance the seawater Os isotopic composition at the pre-
excursional value of 0.8 while assuming a constant unradiogenic input
(200mol Os/yr, 187Os/188Os=0.13) and a radiogenic 187Os/188Os ratio ofcontinental crust of 1.4, the required radiogenic Os input rate is only
220 mol/yr, which is considered a more realistic value for the global
riverine ﬂux (Table 2C, Fig. 3B). If the riverine ﬂux is kept constant
until 9 Ma and only since then increased to produce the observed rise
in the seawater Os isotope composition to present values (1.06), then
an increase in the radiogenic Os ﬂux from 220 to 550 mol/yr is
required. This assumes that the extraterrestrial and hydrothermal Os
inputs remained constant over that period of time, as was suggested at
least for the extraterrestrial input by several studies (Esser and
Turekian, 1988; Peucker-Ehrenbrink, 1996; Marcantonio et al., 1999;
Peucker-Ehrenbrink et al., 2000a,b).
If these parameters are realistic, then an increase of the unradiogenic
Os ﬂux from 200 mol/yr before the excursion to 280 mol/yr during the
Os isotope minimum is needed to obtain the observed Os isotope value
of 0.7 (Fig. 3B, Table 2C). In the followingwewill discuss the probability
for such an increased ﬂux of unradiogenic Os originating from increased
extraterrestrial inputs and ﬂood basalt eruptions and their subsequent
weathering. Enhanced weathering of ultramaﬁc rocks and increased
hydrothermal inputs are excludeddue to the very slow rates of changeof
these processes.
5.2.1. Increased ﬂux of extraterrestrial material
It iswell established thatmeteorite impacts canproduce excursions
to low 187Os/188Os ratios in seawater (Meisel et al., 1995; Peucker-
Ehrenbrink et al., 1995; Peucker-Ehrenbrink, 1996), such as the
pronounced minimum in 187Os/188Os at the K/T boundary recorded
in deep-sea sediment core LL44-GPC3 (Peucker-Ehrenbrink et al.,
1995; Peucker-Ehrenbrink,1996) and in ferromanganese crust CD29-2
(Klemm et al., 2005). In crust CD29-2, the excursion to a 187Os/188Os of
0.188 at the K/T boundary had a duration of about 0.8 Myr. However,
previous studies indicated no signiﬁcant variability in the mean
extraterrestrial ﬂux of ~37,000±13,000 tons/yr throughout the
Cenozoic (Peucker-Ehrenbrink, 1996), apart from the K/T boundary
where the ﬂux increased to values between 49,000 and 56,000 tons/yr
(Esser and Turekian, 1988; Peucker-Ehrenbrink, 1996; Peucker-
Ehrenbrink et al., 2000a,b). Using an average Os concentration in
cosmic dust of about 500 ng/g (Anders and Grevesse,1989) and amean
extraterrestrial ﬂux of ~37,000±13,000 tons/yr (Peucker-Ehrenbrink,
1996), results in a total Os ﬂux of 100 mol/yr. However, only a very
small portion of that ﬂux gets dissolved in seawater. If 10% dissolves
(more realistic values aremost likely signiﬁcantly below that), then the
average dissolved extraterrestrial Os input ﬂux is 10±2 mol Os/yr. To
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unradiogenic contribution of 200 mol Os/yr is needed, of which
10 mol Os/yr are then derived from extraterrestrial matter. Peucker-
Ehrenbrink (1996) postulated that the extraterrestrial ﬂux in the
Cenozoic is too small to signiﬁcantly impact the Os isotopic composi-
tion of seawater, except at the K/T boundary. This is supported by our
calculations which show that the unradiogenic input needs to increase
by 40% (Table 2C, Fig. 3B) to cause the observed excursion in themiddle
Miocene, which would correspond to an increase of the current
extraterrestrialﬂux by only 80%, but the effective dilutable input had to
be increased by 800%, which is not realistic.
Furthermore, the duration of the Os isotope excursion in the
middleMiocene had a duration ofmore than 1million years. Given the
relatively short marine residence time of Os (~35 kyr; Levasseur et al.,
1999), this is far too long to be associated with a single impact event if
one assumes that the Os was immediately released to the ocean in
dissolved form and was not stored on the continents from which it
was then delivered over periods of 10 s to 100 s of thousands of years.
Such a long duration of the excursion thus implies a more protracted
period of unradiogenic Os delivery.
5.2.2. Flood basalt weathering
The foregoing arguments leave LIPs (Large Igneous Provinces),
which formed over a geologically short period of time, as the most
likely dominant contributor to the unradiogenic 187Os/188Os excur-
sions, with a composition close to chondritic values (187Os/
188Os≈0.126; Allègre and Luck, 1980). The products of LIPs represent
the largest outpourings of magma in Earth's history and are therefore
a potential source for unradiogenic 187Os/188Os excursions and some
also coincide with antipodal bolide impacts (Glikson, 2005). Due to
the similar 187Os/188Os ratios of extraterrestrial materials and young
basalts, there is no means of resolving these two components if they
were added contemporaneously. The calculation in Table 2C and Fig.
3B shows that the required additional ﬂux of Os to the ocean
originating from ﬂood basalt weathering over the middle Miocene
event amounted to about 80 mol/yr.
The additional amount of Os required to explain the entire
excursion over about 5 million years is between 2×108 mol (if the
187Os/188Os was 1.54, Levasseur et al., 1999) and 1.6×108 mol (for a
187Os/188Os of 1.4, Esser and Turekian, 1993).
There were three LIP events during the Cenozoic, and all of them
apparently coincided with meteorite impacts (Glikson, 2005). At the
K/T boundary, the Chicxulub impact (Yucatan Peninsula, Mexico;
65.98±0.05 Ma, 170 km crater diameter) and the Boltysh impact
(Ukraine, 65.17±0.64 Ma, 25 km crater diameter) occurred at
essentially the same time as the emplacement of the Deccan Plateau
Basalts (65.5±0.7 Ma). At the E/O boundary, the Popigai impact
(Siberia, 35.7 Ma, 100 km crater diameter) and the Cheasapeake Bay
impact (USA, 35.5 Ma, 85 km crater diameter) occurred at the same
time as the emplacement of the Ethiopian Basalts (36.9±0.9 Ma)
(Glikson, 2005). Finally, the middle Miocene meteorite impact of the
Nördlinger Ries (Germany, 15.1±0.1 Ma, Schmidt and Pernicka, 1994)
is the only known impact event between 5 and 24 Ma (Montanari and
Koeberl, 2000), and the emplacement of the Columbia Plateau basalt
at 16.2±1 Ma (Glikson, 2005) occurred at about the same time.
It is striking that the three LIPs, as well as themeteorite impacts, all
happened within error at the same time as the three major
unradiogenic 187Os/188Os seawater excursions during the Cenozoic,
including the middle Miocene. The release of Os with low 187Os/188Os
ratios during the rapid dissolution of basaltic minerals, rocks, and
glasses, either through weathering on the continents or by dissolution
of particles in seawater, may have had a large impact on the Os isotope
composition of the oceans. Cohen and Coe (2002) suggested that the
marine Os isotope record recovered from marine sedimentary rocks
can provide evidence of ﬂood basalt eruptions. In the next section we
calculate whether the potential unradiogenic sources were capable ofproducing the required amount of Os, which can be considered a
rough sensitivity test rather than a detailed modelling effort.
5.2.2.1. Cretaceous/Tertiary boundary. All published results show that
the bulk of the Deccan Trap volcanism occurred around the K/T
boundary within less than 1 million years and that at least 50% of the
volume erupted within 0.5 Myr (Courtillot and Renne, 2003). Ravizza
and Peucker-Ehrenbrink (2003a) used marine Os isotope records to
resolve the impact of Deccan Trap weathering and the K/T extra-
terrestrial impacts. They attributed the slow 187Os/188Os decline
preceding the major K/T excursion to the weathering of Deccan
basalts, whereas the subsequent major and abrupt excursion was
ascribed to an extraterrestrial impact.
In order to calculate the necessary amount of Os to achieve the
decline of the Os isotopes ratio at the K/T boundary with our model,
we again kept the radiogenic input constant (117 mol Os/yr, Fig. 4D).
The amount of unradiogenic Os required is on the order of 2×109 mol
Os/total. Furthermore, we assume a projectile diameter of the
Chicxulub meteorite of 10 km (calculated by several independent
methods, Alvarez et al., 1980). The average concentration of Os in
stony C1meteorites (~500 ng/g, Anders and Grevesse, 1989), results in
a total amount of Os of ~4×109 mol. This would match the
requirements if half of the impactor dissolved. But also the Deccan
traps erupted at about the same time. The erodable area of the Deccan
traps today is about 500,000 km2. It is assumed that the initial area
was about double the size of today's extent (1 million km2). Using this
value and an average erosion rate of 50 tons/km2/yr (Dessert et al.,
2001) over the two million year excursion and an Os concentration of
basaltic rock of [Os]=500 pg/g, we obtain a total Os input of
2.6×108 mol Os, which is an order of magnitude too low to explain
the Os excursion.
However, it needs to be taken into account that the explosive
volcanism related to the Deccan traps lasted 0.5 to 1 Myr (Courtillot
and Renne, 2003). Studies of the Roza eruption, which was part of the
Columbia River ﬂood basalt, produced a basaltic volume of 1300 km3
within only 10 yrs (Thordarson and Self, 1996) and caused the release
of ~12,420 million tons of SO2. As sulphide minerals are strongly
enriched in Os relative to basalts (Roy-Barman et al., 1998; Burton
et al., 2002), sulphur concentrations of 34% and Os concentrations of
500 ppb result in an Os/S ratio of ~1.5×10−6. According to our
knowledge there are no Os measurements in volcanic SO2, but
assuming that Os is enriched in the S vapour in similar amounts, we
used this value and determined a total amount of 4.8×107 mol Os that
was released into the atmosphere for this one event of ten years
duration. Relating this to the total volume of the Deccan trap basalts of
about 3 million km3, and assuming a continuous release of similar
strength, an Os input of 1.1×1011 mol Os during 1 million years is
calculated, which is nearly 2 orders of magnitude higher than what is
required to explain the Os isotope minimum and which is therefore
a realistic explanation for the observed Os excursion. This is fur-
ther supported by Os concentration measurements on the order of
350 ng/m3 in fumaroles from the Mauna Loa eruption in 1984
(Krahenbuhl et al., 1992). The SO2 concentration within fumaroles is
usually less than 10% given that H2O and CO2 make up about 10% and
80%, respectively. The SO2 gas volume released during the eruption of
the Deccan Traps was about 1.2×1021 g, which would correspond to a
total gas amount of 1.2×1022 g and hence an Os amount of
2.3×1010 mol if the fumaroles had a temperature of around 500 °C.
This is also one order of magnitude higher than what is required to
cause the Os isotope minimum. New measurements on fumaroles
however gave a much lower [Os] (100 pg/m3, Sims et al., 2005), that
would result in only 6.2×106 mol Os and would not match the
required amount. This low [Os] is however not surprising, as the two
volcanoes analysed (Etna in Italy and Masaya in Nigaragua) are both
subduction related strata volcanoes, which have a strong conti-
nental magma signature and therefore a low [Os] in their already
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volcanoes like Hawaii and the continental ﬂood basalts, that are fed by
the lower mantle that has a much higher [Os] relative to the depleted
continental crust. Thus, the release of Os through ﬂood basalt
eruptions appears to have been a signiﬁcant contribution to the
observed Os isotope excursion. Although the Os isotope excursion at
the K/T boundary was most likely produced by several processes, the
volcanic activity of the Deccan traps must have been an important
component.
5.2.2.2. Eocene–Oligocene boundary. The observed decrease in the
seawater 187Os/188Os at the E/O boundary (from 35.2 Ma to 34.5±
0.1 Ma (Dalai et al., 2006)) reached values as low as 0.2 (Ravizza and
Peucker-Ehrenbrink, 2003b) and would again require an unradiogenic
volume of Os of 2×109 mol Os. The diameters of the two impactors
(Cheasapeake Bay and Popigai) were 5 and 5.8 km, respectively
(calculated by the relationship between the crater volume and the
10 km projectile of the Chicxulub impact), containing 5×108 mol Os
and 7.9×108mol Os, respectively. This results in a total amount of Os of
1.3×109 mol. 100% of the two impactors must have been dissolved, to
explain the Os isotope ratio minimum. However, this is unrealistically
high as particles of meteorite impacts are still found (Kyte, 1998).
Therefore, an impact event alone cannot explain the Os isotope
excursion at the Eocene/Oligocene boundary.
The Ethiopian ﬂood basalts, which erupted at the time of this Os
isotope minimum, had a slightly smaller volume than the Deccan
traps (1.2 million km3, as estimated by Rochette et al., 1998).
Therefore, simple weathering is also not possible to produce enough
Os. However, these basalts also formed within only 1 to 2 Myr
(Hofmann et al., 1997) and the prodigious volcanism may also have
contributed to the dissolved Os budget in the ocean. The amount of Os
that would have been released over the whole eruption was on the
order of 2×1010 mol Os in total, again, more then enough to explain
this seawater Os isotope excursion. These calculations have large
uncertainties and do not preclude an input of extraterrestrial Os, but
they do indicate that the unradiogenic Os isotope excursion was
driven mainly by volcanic eruptions of a LIP.
5.2.2.3. Middle Miocene Os isotope excursion. The Columbia River ﬂood
basalt was the smallest of the three Tertiary LIPs, (0.17 million km3,
Courtillot and Renne, 2003). Almost 95% of the total volume erupted
between 16.6 and 15.3 Ma (Hooper, 1982; Courtillot and Renne, 2003),
immediately before the impact event at the Nördlinger Ries (15.1±
0.1 Ma, Schmidt and Pernicka, 1994). The timing for both events
matches within error and is consistent with the relatively small Os
isotope excursion of seawater between 14±0.5 and 12 Ma compared
to the K/T and E/O boundaries. The fact that the ﬂood basalt eruption
as well as the impactor event are of shorter duration compared to the
whole Os-excursion, suggests that there must be a residence factor
within the Os signal. It is unlikely that SO2 has a high residence time
(more than a million years) within the atmosphere. The delay must
have been caused by the precipitation of Os-rich SO2 onto the
continents, which was later washed into the ocean, and recorded
within our Fe–Mn crusts. However, our calculations once more show
that the impactor of the Nördlinger Ries (calculated diameter of
1.4 km) resulted only in a maximum total amount of Os of 3×107 mol,
which does not match the amount of Os (2×108 mol) required to
produce the perturbation. Although, by using a coupled ﬂuid ﬂow-
mass transfer model to describe the weathering of the Columbia River
basalts, Taylor and Lasaga (1999) were able to predict the major
inﬂection that occurred in the middle Miocene portion of the marine
87Sr/86Sr record without invoking dramatic changes in the continental
Sr ﬂux, the model is not sufﬁcient to explain the Os excursion. The
calculated weathering ﬂux derived from the Columbia ﬂood basalt, as
was calculated from our simple steady-state model, would only result
in an amount of 1.3×108 mol Os, which is two times less than therequired amount. This shows once more, that only the volcanism
occurring over the ﬁrst 0.5 million years of the emplacement of the
Columbia River Flood basalt can explain the observed Os isotope
excursion. The Os released by this process would have been on the
order of 6×109mol Os, i.e. more than one order ofmagnitudemore too
what was required.
This suggests that the changes in the Os and Sr isotope evolution of
seawater in the middle Miocene were probably related to one event.
While the Os isotopes mainly reﬂect the volcanic eruption of the
Columbia Flood basalts, the ﬂattening of the seawater Sr isotope curve
at ~15 Ma is a reﬂection of the integrated weathering of the Columbia
Flood basalt over several million years (Taylor and Lasaga, 1999). The
different responses of Sr and Os to the Columbia Flood basalt event can
be explained by their different fractionations within the magma.
Osmium has a concentration in basalts of only about 20 ppt compared
with its primitive mantle concentration of 3.4 ppb (McDonough and
Sun, 1995) as it is fractionated into the volatile sulphide phase and
released during the active volcanism. Strontium on the other hand
remains in the melt during eruption and is therefore enriched in the
basalts per se at a concentration of 300 ppm (Hooper and Hawkes-
worth, 1993) compared with its primitive mantle concentration of
20 ppm (McDonough and Sun, 1995). This shows that it is possible for
both the Os and Sr isotopic evolution of seawater to reﬂect emplace-
ment of the Columbia River Flood basalt.
6. Conclusions
A drop in the Os isotope ratio occurred in two ferromanganese
crusts from the Paciﬁc and one from the Atlantic during the middle
Miocene, between 15 and 12 Ma. This indicates that the excursion
reﬂects a global change in seawater composition. To provide the
required amount of unradiogenic Os to the ocean at that time, the
most viable source was the volcanic eruptions that occurred during
emplacement of the Columbia River ﬂood basalts, together with a
lesser amount of Os supplied by the Nördlinger Ries impactor. The
major Os isotope excursions to unradiogenic values at the Eocene/
Oligocene and Cretaceous/Tertiary boundaries required signiﬁcant
contributions from both LIPs and extraterrestrial Os.
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